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On activation, naive T cells differentiate into effector T-cell subsets with specific cytokine phenotypes and specialized effector functions 1 . Recently a subset of T cells, distinct from T helper (T H )1 and T H 2 cells, producing interleukin (IL)-17 (T H 17) was defined and seems to have a crucial role in mediating autoimmunity and inducing tissue inflammation [2] [3] [4] [5] . We and others have shown that transforming growth factor (TGF)-b and IL-6 together induce the differentiation of T H 17 cells, in which IL-6 has a pivotal function in dictating whether T cells differentiate into Foxp3 
T reg cells. However, deletion of T reg cells leads to the reappearance of T H 17 cells in Il6
2/2 mice, suggesting an additional pathway by which T H 17 cells might be generated in vivo. We show that an IL-2 cytokine family member, IL-21, cooperates with TGF-b to induce T H 
cells in naive Il6
2/2 T cells and that IL-21-receptor-deficient T cells are defective in generating a T H 17 response.
We previously proposed a reciprocal relationship between T H 17 and T reg cells and suggested that IL-6 is pivotal in determining whether an immune response is dominated by T H 17 or T reg cells 9, 10 . We predicted that Il6 9, [12] [13] [14] [15] . However, the cellular or molecular basis for this resistance was unclear although some studies suggested that Il6 2/2 mice might have a defect in T-cell priming 12, 13, 16 . On immunization, Il6 2/2 3 Foxp3gfp.KI mice mounted an attenuated T-cell response with a defect in the generation of T H 17 cells (Fig. 1a) . We found that Il6 2/2 3 Foxp3gfp.KI mice had a significantly elevated fraction of Foxp3 1 T reg cells in the draining lymph nodes (Fig. 1b) . Thus, the 'impaired priming' of antigen-specific T-cell responses reported in Il6 2/2 mice could simply be due to the expansion of T reg cells at the expense of effector T cells in an environment that is devoid of IL-6. We therefore used MOG 35 ). In contrast with wild-type mice, Il6 2/2 mice had more MOG-specific T reg cells than effector T cells and the ratio of antigen-specific T reg to effector T cells was reversed (Fig. 1c, d) . Thus, the lack of IL-6 favoured the generation or expansion of antigen-specific T reg cells and inhibited the development of effector T-cell responses. These data are consistent with our hypothesis that IL-6 is crucial in dictating the balance between effector T cells and T reg cells.
The deletion of T reg cells from the peripheral repertoire of Il6 (Fig. 2c, d ). IL-17 production in T reg -depleted Il6 2/2 mice reached almost wild-type levels, suggesting that T H 17 cells can be generated in vivo in the absence of IL-6. After confirming that Il6 2/2 mice did not produce residual amounts of IL-6 (Supplementary Fig. 2 ), we reasoned that there might be an alternative pathway that induces T H 17 cells in the absence of IL-6.
Our previous studies suggested a reciprocal relationship between T reg and T H 17 cells 9 . Using this logic, we screened several cytokines to identify possible candidates that could substitute for IL-6. We first tested those cytokines that were able to suppress the TGF-b-mediated induction of Foxp3 in sorted naive Foxp3/GFP 2 T cells derived from Foxp3gfp.KI mice. As well as IL-6, the IL-12 family member IL-27 and the IL-2 family member IL-21 were most efficient in inhibiting TGF-bdriven Foxp3 induction (Fig. 3a, b , and Supplementary Fig. 3 ). Our analysis confirmed previous results 17, 18 showing that IL-27 did not induce the differentiation of T H 17 cells when combined with TGF-b. In contrast, IL-21 in combination with TGF-b not only suppressed Foxp3 expression but also induced IL-17 production from naive T cells, although not as strongly as TGF-b plus IL-6 (Fig. 3b, c) . Retinoic acid receptor-related orphan receptor (ROR)-ct has been shown to be a transcription factor involved in the differentiation of T H 17 cells 19 , and TGF-b plus IL-21 also induced ROR-ct expression in differentiating T H 17 cells (Fig. 3d) . Thus, IL-21 could substitute for IL-6 in the induction of ROR-ct and IL-17, indicating that in addition to IL-6, IL-21 might cooperate with TGF-b to drive the differentiation of T H 17 cells.
To test whether IL-21 was responsible for the induction of IL-17 from naive T cells that do not produce IL-6, we compared the differentiation of naive wild-type and Fig. 4b) . Furthermore, of all CD4 1 T-cell subsets, T H 17 cells were the highest producers of IL-21 (Fig. 4b ). This suggested that there might be an amplification loop in which IL-21 produced by T H 17 cells participates in enhancing further differentiation of T H 17 cells. We therefore compared the induction of T H 17 cells by TGF-b plus IL-6 in wild-type and Il21r 2/2 T cells 20 . When IL-6 and TGF-b were used to drive the differentiation of T H 17 cells, the frequency of T H 17 cells induced in Il21r 2/2 CD4 1 T cells was half that of wild-type T cells (Fig. 4c) , suggesting that IL-21 might normally contribute to T H 17 differentiation mediated by TGF-b plus IL-6. If these in vitro data were accurate, the T H 17 response in Il21r 2/2 mice should be deficient. We found that the fraction of CD4
T cells was significantly reduced in Il21r
2/2 mice in comparison with wild-type controls (data not shown), and this difference was also observed when CD44 hi T cells were activated in vitro (Fig. 4d, e) . Notably, the addition of recombinant IL-23 could not compensate for the defective T H 17 response observed in CD44 1 Il21r 2/2 T cells (Fig. 4d, e) . On immunization, Il21r 2/2 mice showed no appreciable defect in T-cell proliferation but a marked decrease in their ability to generate a T H 17 response, whereas the production of IFN-c seemed to be increased (Fig. 4f) . These data suggest that IL-21 produced by differentiated T H 17 cells must have a function in amplifying T H 17 differentiation such that in the absence of IL-21 signalling, the T H 17 response is compromised. Whereas IL-6 is predominantly produced by cells of the innate immune system, IL-21 is produced mainly by the adaptive immune system, and activated T cells are the main source of IL-21 ( Supplementary Fig. 4 ). We therefore speculate that TGF-b and IL-6 together initiate the differentiation of T H 17 cells, which in turn can produce IL-21 and thus further amplify the T H 17 differentiation process. However, in the absence of IL-6, TGF-b together with IL-21 can drive T H 17 differentiation on their own. IL-6 and IL-21 cooperate in T H 17 differentiation, which is further supported by the observation that in vivo neutralization of IL-21 in T reg -depleted Il6 2/2 mice essentially abrogated the generation of T H 17 cells (Supplementary Fig. 5 ). This suggests that IL-6 and IL-21 independently and together must cooperate with TGF-b to induce T H 17 differentiation.
In summary, together with TGF-b, IL-21 constitutes an additional pathway for the generation of pathogenic T H 17 cells. The induction of IL-17 in naive T cells by a combination of TGF-b and IL-21 also suppresses Foxp3 expression, suggesting that similarly to IL-6, IL-21 is able to regulate the reciprocal developmental pathway of generation of T reg and T H 17 cells. The importance of the Idd3 genetic locus, which controls susceptibility to both EAE and type 1 diabetes and regulates the function of T reg cells 21 , might in part be due to the presence of Il21 in addition to Il2 in the Idd3 interval. IL-21 binds to the IL-21 receptor, which consists of a unique IL-21 receptor 
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hi Foxp3/GFP 2 T cells from Foxp3gfp.KI mice were stimulated with anti-CD3 and anti-CD28 for three days in the presence of the indicated cytokines. a, The expression of Foxp3/GFP was measured and the fraction of subunit and the common cytokine receptor c-chain shared by other cytokine receptors including the receptors for IL-2, IL-4, IL-7, IL-9 and IL- 15 (ref. 22 Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
